Most confi ned swine (Sus scrofa) feeding operations in the southeastern United States hold manure in lagoons and apply effl uent on bermudagrass [Cynodon dactylon (L.) Pers.] as fertilizer. Salmonella enterica subsp. enterica (ex Kauff man and Edwards) Le Minor and Popoff , has been reported in Mississippi lagoons, but levels and potential for contamination of bermudagrass were unknown. A laboratory method was developed to examine Salmonella contamination of bermudagrass and levels of Salmonella were determined in lagoons. Th e U.S. Environmental Protection Agency (EPA) worst case water was used to simulate effl uent in exposing bermudagrass to Salmonella. Exposed leaves were washed and bacteria enumerated. Contamination of leaves exposed to 10 6 cfu mL −1 varied from 0 to 10 4 cfu per leaf within and among eight bermudagrass cultivars and fi ve Salmonella isolates. No diff erences (P < 0.05) occurred between cultivars (n = 20) or isolates (n = 10). Data fi tted (R 2 = 0.93) to a contamination equation (y = 5 × 10 −6 x 6.623 ) described the relationship between levels (Log 10 cfu mL −1 ) of exposure (x) and contamination (y). In fall 2007 Salmonella levels from six lagoons ranged from 1.9 to 2.8 log 10 MPN 100 mL −1 and were below the threshold for contamination predicted by the equation. Th ese preliminary results must be tested with effl uents in the fi eld, but considered alongside work of others, which report lagoon Salmonella levels to be highest in fall, suggest that Salmonella levels in effl uents from these lagoons may be too low to produce measurable contamination on bermudagrass.
Recovery of Salmonella from Bermudagrass Exposed to Simulated Wastewater
Michael R. McLaughlin* and John P. Brooks USDA S wine manure can harbor human pathogenic bacteria, including species of Campylobacter, Clostridium, Ersypilothrix, Escherichia, Listeria, Salmonella, and Yersinia (Pell, 1997; Guan and Holley, 2003; Callaway et al., 2004; Chinivasagam et al., 2004) . In the United States, nontyphoidal Salmonella species annually cause the second highest number of bacterial foodborne illnesses (estimated 1.4 million cases) and the highest proportion of food-related human deaths ( >500) of all bacterial pathogens (Mead et al., 1999; Kennedy et al., 2004; Aruscavage et al., 2006) . Th e most common of the foodborne nontyphoidal Salmonella species is Salmonella enterica subsp. enterica (ex Kauff man and Edwards) Le Minor and Popoff . Salmonella enterica is a motile, rod shaped, nonsporeforming, Gram-negative member of the Enterobacteriaceae with more than 2500 serotypes (Popoff and Le Minor, 1997; Callaway et al., 2008) . Serovar Typhimurium, the most common serotype associated with swine in the United States, has increased steadily in relative abundance since 1986 (Foley et al., 2008) .
In Mississippi and most of the southeastern United States, manure from confi ned swine feeding operations is pumped from slurry pits beneath swine production houses into anaerobic treatment lagoons where it may be stored for months. Effl uent from most of these lagoons is discharged by spray application as fertilizer for bermudagrass hay crops (McLaughlin et al., 2004 (McLaughlin et al., , 2005 . Effl uent applications are made from April through September according to site-specifi c nutrient management plans under permit requirements from state regulatory agencies (MSDEQ, 2005) . Th ese requirements have resulted in numerous nutrient management studies and reports on levels and impacts of nutrients from lagoon effl uent.
In contrast, although swine are a well-known reservoir of Salmonella, with estimates as high as 48% of animals colonized (Callaway et al., 2008; Foley et al., 2008) , relatively fewer studies have been conducted on the presence and impacts of Salmonella and other bacterial pathogens in swine lagoon effl uent (Cole et al., 2000) . Isolation of Salmonella-specifi c bacteriophages from Mississippi swine lagoons fi rst suggested the presence of Salmonella in the lagoons (McLaughlin et al., 2006) . Bacteria isolated concurrently with the bacteriophages were subsequently identifi ed and confi rmed as Salmonella enterica (McLaughlin and King, 2008) . Th ese reports, however, did not quantify the Salmonella levels present in Mississippi swine lagoons. Worldwide, very little data is available on Salmonella levels in effl uent. Th e few studies which have reported Salmonella levels in swine manure effl uents from treatment lagoons and other types of swine manure storage reservoirs show a range from 1 to 4 log 10 MPN 100 mL −1 (Table 1) . Levels of Salmonella in commercial Mississippi swine farm lagoons and the potential risk for contamination of bermudagrass from effl uent application were unknown. Th e objectives of the research reported here were to determine the levels of Salmonella in selected Mississippi commercial swine farm lagoons and to develop a laboratory method for preliminary assessment of the potential risk for bermudagrass contamination by Salmonella. Experimental methods and results are presented. Th e laboratory method used EPA worst case water to simulate wastewater to avoid potential interference from Salmonella, Salmonella phages, and other bacteria known to occur in swine wastewater. Worst case water was originally developed to test point-of-use water purifi cation equipment (USEPA, 1987) , and its use here is believed to be a new application of this testing matrix.
Materials and Methods

Salmonella Cultures
Salmonella isolates used in the laboratory simulation experiments are listed in Table 2 . Cultures were prepared as described (McLaughlin and Brooks, 2008) . Briefl y, freeze-dried primary cultures obtained from ATCC were reconstituted in trypticase soy broth (Acumedia Manufacturers, Inc., Baltimore, MD) overnight at 35°C, and stored in 1-to 2-mL aliquots at -70°C. Fresh cultures were prepared weekly from ice crystal scrapings of primary cultures streaked on blood agar (trypticase soy agar + 5% sheep [Ovis aries] red blood cells; HealthLink, Jacksonville, FL) plates incubated overnight at 35°C. Blood agar cultures were checked visually for purity and uniformity, and held at room temperature. Working cultures were prepared fresh daily, as needed, by transfer of single isolated colonies from blood agar plates to trypticase soy broth culture tubes, which were incubated loosely capped 6 h without aeration at 35°C. Cultures reached approximately 10 8 cfu mL
. Working cultures produced by this protocol were used as sources of Salmonella for 10 worst case water experiments.
Cultures of Salmonella test cells for worst case water experiments were further prepared as described (McLaughlin and Brooks, 2008) . Cells were prepared by growing the bacteria to exponential phase (approximately 6 h) in trypticase soy broth in a 100-mL fl ask at 35°C. Th is culture was aseptically decanted into sterile 50-mL centrifuge tubes and cells pelleted by centrifugation at 5000 × g for 30 min. Supernatants were decanted and cells resuspended in an equal volume of sterile phosphate buffered saline, then centrifuged and resuspended two more times to remove residual trypticase soy broth. Final washed cell suspensions in 40 mL phosphate buff ered saline were titered (10 8 to 10 9 cfu mL −1
) and stored at 4°C. Stored cell suspensions were used for 3 to 4 wk then replaced with fresh preparations.
Environmental Protection Agency Worst Case Water
Th e worst case water matrix (pH = 5.3) with defi ned total dissolved solids (1500 mg L ) and turbidity (30 nephelometric turbidity units) was prepared from sea salts (S9883; Sigma, St. Louis, MO), humic acid (H16752; Sigma-Aldrich, St. Louis, MO), and fi ne test dust (ISO 12103-1; Powder Technology Inc., Burnsville, MN), according to the standardized guide protocol (Gerba and Naranjo, 2000; USEPA, 1987) , as described (McLaughlin and Brooks, 2008) . Worst case water was sterilized by autoclaving (1.1 kg cm 2 , 121°C, 15 min) and stored in aliquots at room temperature.
Bermudagrass Experiments
To simulate exposure of bermudagrass to Salmonella from effl uent irrigation, freshly harvested bermudagrass leaves were trimmed to 6 cm in length and 3 cm of the leaf tips were dipped individually 10 times each in Salmonella-loaded worst case water. Salmonella-loaded worst case water was prepared fresh immediately before each experiment by addition of washed Salmonella cell suspensions in phosphate buff ered saline to sterile worst case water. Leaves were harvested from potted plant cultures in a greenhouse immediately before each experiment. Separate sterile disposable gloves and razor blades were used for each plant and collection. Leaves were harvested into and held in plastic bag moist chambers until used. Leaves were transferred using fl ame-sterilized forceps and trimmed using fl ame-sterilized blades to preclude cross contamination from potential endophytic organisms. Leaves exposed to Salmonella, and control leaves dipped in sterile worst case water without Salmonella, were held overnight on sterile fi lter paper wetted with sterile distilled water inside sterile glass Petri dishes in a plexiglass enclosure at room temperature and high (85-90%) relative humidity. High humidity was used to prevent drying and minimize potential loss of Salmonella viability. Environmental conditions in the enclosure were monitored electronically using a Dickson FH125 data logger and remote probe (Th e Dickson Co., Addison, IL). Individual leaves were removed for Salmonella testing and placed tip down in sterile 5-mL plastic culture tubes containing 1.0 mL of sterile phosphate buff ered saline. Salmonella were rinsed from the leaves by vigorous swirling in tightly capped tubes using a vortex mixer (15 s, two times). Rinsed leaves were removed and Salmonella levels in rinsates were determined immediately. Preliminary tests also examined the presence of Salmonella in rinsates from successive leaf rinse cycles.
Salmonella levels in leaf rinsates were determined using a spread plate technique. Briefl y, two 0.1-mL aliquots were removed from each test sample and plated directly in duplicate trypticase soy agar (Acumedia Manufacturers, Inc.) plates, respectively. Trypticase soy agar, a nonselective media, was used for recovery and enumeration of Salmonella because preliminary experiments showed few of no other bacteria present on the bermudagrass leaves, making use of selective media unnecessary. Plates were incubated inverted at 35°C for 18 to 24 h and colonies counted thereafter. Mean plate counts were calculated for each pair of duplicate plates for each leaf tested, and used to calculate treatment means. Typically 10 leaves were tested per treatment in each experiment. If direct plate counts were too high for enumeration, appropriate dilutions were prepared in sterile saline (0.85% NaCl) using residual leaf rinse samples, which had been held overnight at 5°C. Aliquots of diluted samples were plated, incubated, and counted, as described above. Th e detection limit for Salmonella in the rinsate direct plating method was 5 cfu mL −1
. Preliminary experiments were conducted to examine the Salmonella contamination responses of eight bermudagrass cultivars and fi ve Salmonella isolates. Subsequent experiments to determine contamination levels resulting from diff erent exposure levels were conducted with the bermudagrass cultivar Russell and Salmonella isolate R21 (Typhymurium). Other preliminary experiments were conducted using bermudagrass cultivar Tifton 44 and Salmonella isolate R21 to test the effi cacy of the leaf-rinsing procedure, to examine potential contamination of rinsates by epiphytic organisms, and to confi rm the identity of presumed Salmonella colonies cultured from rinsates. After each preliminary experiment, two to three randomly selected colonies of presumed Salmonella were tested by PCR using reactions with Salmonella-specifi c (inv A) primers (Rahn et al., 1992; Lu et al., 2003) , and all were confi rmed as Salmonella. Presumptive Salmonella colonies were fi rst selected from TSA and isolated to Hektoen enteric agar (Acumedia Manufacturers, Inc). A well-isolated presumptive Salmonella colony was then transferred to a sterile microcentrifuge tube, suspended in 0.5 mL sterile distilled water and heated at 99°C for 10 min. Th is tube was then centrifuged (5 min at 2350 × g) to pellet cell debris and the remaining supernatant was diluted 10-and 100-fold in sterile distilled water. Th ese dilutions were then subjected to PCR using inv A primers following previously described reaction conditions (Lu et al., 2003) .
In a typical experiment, 50 to 80 leaves of bermudagrass (10 replicate leaves per treatment variable) were collected, trimmed, exposed to Salmonella, held overnight at high humidity, rinsed, and the rinsates plated in duplicate to enumerate Salmonella, as described above. Plate count data (cfu per plate) from duplicate plates were averaged for each leaf (cfu per leaf ) and individual leaf means used to calculate treatment means for each group of 10 replicate leaves exposed at the respective (treatment) contamination level. Treatment data from bermudagrass cultivar and Salmonella isolate comparisons were subjected to analysis of variance (P < 0.05) and means ( ± 95% confi dence intervals) were compared graphically using the Excel Statistical Package (Microsoft Corp., Redmond, WA). Th e relationship between Salmonella exposure level and bermudagrass contamination level was determined by fi tting means ( ± 95% confi dence intervals) from seven experiments to a regression equation in Excel.
Lagoon Effl uent Collection
Effl uent was collected from six 15-yr-old 5-to 20-ha anaerobic manure lagoons on fi ve swine production farms. Lagoon effl uent samples were collected using a hand-operated vacuum pump and an extendable pole as described (McLaughlin et al., 2006) . A sterile collection bottle, mounted on a polyvinyl chloride fl oat at the end of a telescoping painter's pole, was fi lled using the vacuum. Th e pump was connected through plastic tubing with luer lock fi ttings to a sterile glass tube made from a 10-mL glass pipette (with the narrow tip end cut off and fi re polished to widen and smooth the opening). Th e modifi ed pipette tubes were fi xed to the fl oats to draw effl uent from a uniform depth of 21 cm. Pipettes, tubing, and bottles were changed between samples and a diff erent sanitized fl oat was used for each lagoon. A 0.22-μm inline fi lter protected the vacuum lines and pump, which were attached to the extendable pole. All samples were placed on ice in a cooler, returned to the laboratory, held at 5°C, and processed within a few hours of collection.
Lagoon Salmonella Levels
Aliquots of 1.0, 0.1, and 0.01 mL (three tubes each) of undiluted effl uent were added to 10 mL of buff ered peptone water and incubated for 24 h at 35°C in a water bath, then 0.5 mL of each tube was transferred to 10 mL of Rappaport-Vassiliadis R10 broth ) and mean dry matter content of pig slurry samples (0.975%). (Acumedia Manufacturers, Inc.) and incubated at 42°C ± 1°C for 24 to 36 h in a water bath. Aliquots from positive tubes were transferred to modifi ed semisolid Rappaport-Vassiliadis medium (Acumedia Manufacturers, Inc.) (0.1 mL in three drops each to sixwell cell culture plates) and incubated at 42°C in an air convection incubator for subsequent culture isolation and storage. Aliquots from all (positive and negative) Rappaport-Vassiliadis R10 broth tubes (0.1 mL from each tube) were transferred to a 96-well PCR plate and heated to 98°C for 10 min in a thermal cycler. A 1:10 or 1:100 dilution was made and 2 μL was subjected to plus/minus real-time PCR with spaQ primers (Kurowski et al., 2002) in an ABI 7300 real-time PCR system (Applied Biosystems, Foster City, CA). Real-time PCR was chosen to increase speed of detection, as gel analysis and discrimination were not necessary. A plus/minus real-time PCR assay was devised in which positive target amplification was based on the combination of cycle-threshold (24.28 ± 6.06) and fi rst-derivative melt-curve analysis (78.41 ± 0.231). No quantifi cation of the enrichment product template was conducted in the real-time plus/minus assay, since these plus/minus results were used in the MPN quantifi cation of the lagoon effl uent. Conditions for the three stage real-time PCR were: one cycle at 95°C (10 min); 40 repetitions of two temperature cycles at 95°C (15 s) and 60°C (1 min); followed by melt-curve analysis consisting of 95°C (15 s), 60°C (30 s), and 95°C (15 s). Real-time PCR reaction conditions were established using 12.5 μL of the ABI syber green master mix (Applied Biosystems), 1.0 μL each primer (10 μM), and PCR H 2 O to 23 μL. Real-time PCR wells were scored as positive or negative based on the detection of an amplifi able signal and melt-curve analysis and were used to calculate most probable numbers (MPN) of Salmonella 100 mL −1 effl uent sample. Positive and negative results were related back to the original inoculated buff ered peptone water MPN tube inoculated with effl uent and an MPN value was calculated per sample. Sample MPN data were combined (six samples per lagoon) to estimate Salmonella levels (geometric mean MPN 100 mL −1 and SD) for each lagoon. Th e detection limit of the combined MPN/PCR method was 50 MPN 100 mL −1 of sample.
Results and Discussion
Bermudagrass Experiments
Contamination of leaves exposed to Salmonella varied from 0 to 10 4 cfu per leaf within and among Salmonella isolates. Analysis of variance of data from a preliminary experiment which compared the Salmonella contamination response of Russell bermudagrass leaves to fi ve Salmonella isolates at approximately 7 log 10 cfu mL −1 showed no diff erences (P < 0.05) among the isolates (Fig. 1) . Typhimurium isolates are the most prevalent serotype common to swine and human infections (Foley et al., 2008) . Earlier work with Salmonella-specifi c bacteriophages isolated from swine manure lagoons in Mississippi, also suggested that Typhimurium isolates may predominate in the lagoons, based on the relative incidence of phages isolated with a panel of Salmonella serovars (McLaughlin et al., 2006) . Th erefore, subsequent experiments in the present study were conducted with Salmonella isolate R21, a Typhimurium isolate and the type strain of S. enterica subsp. enterica (Table 2) .
Contamination of leaves exposed to Salmonella varied from 0 to 10 4 cfu per leaf within and among eight bermudagrass cultivars. Analysis of variance of data from two preliminary experiments which compared Salmonella contamination levels of eight bermudagrass cultivars exposed to 1.2 and 1.9 × 10 7 cfu mL −1 showed no diff erences (P < 0.05) among cultivars (Fig.  2) . Th erefore, due largely to availability of suffi cient numbers of leaves of this cultivar, subsequent experiments were conducted with the cultivar Russell.
Two preliminary experiments, using bermudagrass cultivar Tifton 44 and Salmonella isolate R21 tested the effi cacy of the leaf-rinsing procedure by determining Salmonella levels in rinsates from fi ve consecutive rinse procedures of the same leaves. In these tests (data not shown), virtually all of the Salmonella recovered in the rinse procedures was found in the fi rst rinsate.
Results of leaf rinsate tests of bermudagrass leaves exposed to sterile worst case water without Salmonella confi rmed that any bacterial epiphytes present on the leaves would not be confused with Salmonella in the trypticase soy agar assay plates. Epiphytes were rarely observed and those that occurred were few in number, grew much slower than Salmonella, diff ered from Salmonella in color and texture, and thus did not interfere with Salmonella assessments. In a typical experiment when 10 leaves each of eight bermudagrass cultivars were exposed to Salmonella, rinsed, and rinsates plated on duplicate enumeration plates, fewer than 10 nonSalmonella colonies were observed from 160 test plates. Results of periodic random PCR tests using reactions with Salmonella-specifi c (inv A) primers confi rmed the identity of presumed Salmonella colonies cultured from rinsates.
Th e relationship between Salmonella exposure levels and bermudagrass contamination in the laboratory simulation was defi ned by fi tting means ( ± 95% confi dence intervals) from 15 exposure-response combinations to a regression equation. Th e 15 exposure-response data points were derived from duplicate plate counts of 10 leaves each (14 points) and 6 leaves (one point). Data from seven experiments were combined to produce a best fi t (R 2 = 0.93) for the following regression equation, . No diff erences (P > 0.05) occurred among isolates. Bars are means, error bars are ± 95% confi dence intervals (n = 10). which described the relationship between levels of exposure (x, log 10 cfu mL −1 in simulated waste water) and levels of contamination (y, log 10 cfu per leaf ) measured in leaf rinsates (Fig. 3) . In these tests with simulated waste water, contamination of bermudagrass leaves was negligible following exposure to Salmonella levels below 3 to 4 log 10 cfu mL 
Lagoon Salmonella Levels
Lagoon effl uent samples were collected in September and October 2007 from six commercial swine farm lagoons in Mississippi. Six 100-to150-mL samples were collected from each lagoon. Salmonella enterica was isolated from six of six farm lagoons tested (Table 3 ). Levels ranged from 1.9 to 2.8 log 10 MPN 100 mL −1 and were within the range of levels reported earlier by others (Table 1 ). All lagoon Salmonella levels measured in the present study were below the threshold for bermudagrass contamination predicted by the simulation equation. Based on these simulation results and other work, which reported levels in lagoons to be highest in fall (Placha et al., 2001; Arrus et al., 2006; Rodriguez et al., 2006) , effl uents from these lagoons would not be expected to produce measurable Salmonella contamination on bermudagrass. Furthermore, as pointed out by Hutchison et al. (2005) laboratory studies tend to show better pathogen survival than actually occurs in the fi eld where organisms are subject to diurnal temperature changes, ultraviolet light, and drying. Future research is needed to examine eff ects of these variables on the contamination curve presented here, to test the hypothesis that Salmonella levels in Mississippi swine manure lagoons would have to be orders of magnitude higher before posing a contamination risk to bermudagrass.
Conclusions
Th e present study demonstrated that EPA worst case water was a useful matrix for simulating swine lagoon effl uent in tests of Salmonella contamination of bermudagrass leaves. Th is is believed to be a new application of the worst case water matrix. Th e laboratory simulation method showed the relationship between levels of Salmonella to which bermudagrass leaves were exposed and the consequent levels of contamination. Salmonella levels measured in commercial swine farm manure lagoons were below threshold limits for contamination predicted by the simulation equation. Th ese preliminary results suggest that Salmonella levels in effl uents from these lagoons may be too low to pose a contamination hazard for bermudagrass. Furthermore, Salmonella on leaves in a summertime fi eld environment are likely exposed to much harsher conditions (higher temperature, lower humidity, and increased UV light) than those used in this preliminary study. In harsher fi eld environments Salmonella survival would be expected to be even lower and thus contamination thresholds even higher than predicted by the laboratory simulation equation. Future research is needed to address these environmental eff ects and to test the predictive simulation equation by comparing results from these preliminary worst case water laboratory experiments with results from laboratory and fi eld experiments using lagoon effl uents.
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